Abstract-In this paper, a three dimensional geometrical scattering channel model for indoor and outdoor wireless propagation environments is introduced. It is based on the assumption that the scatterers are distributed within a spheroid, in which the mobile station and base station are located at the spheroid's foci. This model captures both the spatial and temporal statistical distributions of the received multipath signals. Several angle of arrival and time of arrival probability density functions of the received multipath signals are provided in compact forms. The angle of arrival probability density functions are obtained in terms of both the azimuth and elevation angles. Numerical results are presented to illustrate and verify the derived expressions. To validate the model, it has been compared against some of the available two dimensional models and measured data.
INTRODUCTION
In wireless communication systems, the transmitted electromagnetic signals propagate between the transmitting and the receiving antennas along different paths, which result in a multipath propagation phenomenon. These multipath signals can limit the performance of wireless communication systems by introducing fading and/or intersymbol interference (ISI). In addition, the performance of wireless communication systems that employ antenna array is often limited by the spatial and temporal correlation of the received multipath signals. Therefore, the angular and temporal statistical distributions of the received multipath signals are significant factors in determining the performance of the radio link. These distributions can be obtained from measured channel data or from site specific propagation prediction data. However, normally, these data are unavailable and/or unapplicable. Therefore, channel models which are capable of predicting both the spatial and temporal characteristics of the received multipath signals are desirable for evaluating, analyzing and designing advanced wireless communication systems. Geometrical scattering channel models have been developed to describe the angle of arrival (AOA) and time of arrival (TOA) probability density functions (pdfs) of the received multipath signals. In the current literature, several two dimensional (2D) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and three dimensional (3D) [14] [15] [16] [17] geometrical scattering channel models have been suggested for various types of wireless communication environments. For example, in macrocellular wireless environments, where the base station (BS) antennas are elevated and the scatterers are assumed to be located around only the mobile station (MS) antenna, many 2D and 3D geometric channel models have been developed [3-8, 11, 15, 17] .
In outdoor picocellular and indoor wireless communication environments, the typical heights of the BS and MS antennas and the distance between them are both relatively short in comparison to outdoor macrocellular wireless environments. Therefore, scatterers such as roofs, walls, trees, doors, windows, the ground, etc., will be spread in a 3D space around and between both the BS and MS antennas. Therefore, it becomes more realistic to consider that incoming multipath signals take place within both the azimuth and elevation angles. In addition, several indoor and outdoor channel measurements [18] [19] [20] [21] [22] demonstrate that the angular spread of the received multipath signals are observed with a relatively wide range in elevation angle in contrast with the 2D models' assumptions. However, the published geometrical scattering channel models developed for such environments, i.e., outdoor picocellular and indoor environments, are 2D models [1-3, 8, 9, 12, 13] . For example, Liberti and Rappaport in [1] , developed the elliptical model by assuming that the scatterers are uniformly distributed inside an ellipse in which the BS and MS are assumed to be at its foci. Olenko et al. in [2] , proposed a geometric channel model based on the assumption that the scatterers are distributed along circumferences of elevated ellipses, where the TOA variable is related to elevated BS antennas, but the AOA variable is based on distributing the scatterers on a 2D plane. In [3] , Ertel and Reed developed a general method to derive the AOA and TOA pdfs for the circular model [1] and elliptical model [3] as seen from both the MS and BS. Jiang and Tan in [8] , proposed a circular channel model in which the scatterers are randomly distributed according to an arbitrary scatterer density around the BS within a circle that includes the MS. In [9] Noor et al. generalized the elliptical channel model for an arbitrary distribution of scatterers at the MS and/or at the BS. Chen et al. in [12] proposed a geometrical scattering channel model for radio propagation in rectangular office buildings where the scatterers are assumed to be randomly distributed as arrays of thin strips. In [13] , Chen et al. developed a geometrical scattering channel model to describe radio propagation in an indoor environment with directional antennas, where Von Mises function was used to describe the beam shapes. However, 2D models are only capable of providing the azimuthal angular distribution information of the received multipath signals, because the transmitted signals are assumed to propagate on the horizontal plane, i.e., at elevation angle θ = 90 • .
In this paper, a 3D geometrical scattering channel model has been developed for outdoor picocellular and indoor wireless communication environments, whereas currently only 2D models are available in literature. The model incorporates both the spatial and temporal statistical distributions of the received multipath signals. The spatial statistical distributions are expressed in terms of both the azimuth and elevation angles. Expressions for the AOA and TOA pdfs of the received multipath signals are provided in compact forms. The paper's organization is as follows. A description and formulation of the 3D model is given in Section 2. The derivation of the AOA and TOA pdfs of the multipath signals are provided in Section 3. To illustrate and verify the developed 3D model, several numerical results and comparisons are presented in Section 4. A conclusion is given in Section 5.
CHANNEL MODEL DESCRIPTION
The following assumptions have been used, which are commonly applied in literature for geometrical scattering channel techniques.
• The propagation between the BS and the MS is assumed to take place via a single scattering from an intervening obstacle. Without the loss of generality, the BS is assumed to be in transmitting mode and the MS is assumed to be in receiving mode.
• The scatterer is assumed to be reflecting element with equal scattering coefficients and uniform random phases.
• The employed antennas are assumed to be isotropic for both the BS and MS. The 3D spheroidal channel model's geometry and notations are shown in Figure 1 , y g , z g ). The transformation relationships between the two coordinate systems are given by
(3) Therefore, the spheroid can be described by the following formula
where a and b are the spheroid's semi-lengths on the major axis, i.e., x-axis, and minor axes, i.e., y and z-axis, respectively. Solving for r m results in a formula that is capable of describing the spheroid in the Spherical coordinate system as seen from its focal point. That is
Similarly, due to the symmetry in the model's geometry, the radial distance as seen from the BS side, r b , can be obtained as The total communication path length that results from a scatterer located on the spheroid's surface is given by
where c is the speed of light and τ max is the maximum observation time. Thus, the model's parameters a and b may be expressed as
The spheroid's semi-lengths can be related as b = a √ 1 − e 2 and the spheroid's eccentricity is defined as e = D/2a. Therefore, the radial distances, r m and r b , can be obtained as
where (θ m , φ m ) and (θ b , φ b ) are the AOA of the received multipath signals in the elevation and azimuth planes, as seen from the MS and BS, respectively. The AOA as seen from the BS can be considered as the angle of departure (AOD) of the transmitted signals.
ANGLE AND TIME OF ARRIVAL PROBABILITY DENSITY FUNCTIONS
The objective of this research work is to determine the AOA and TOA pdfs of the multipath signals, where the scatterers are assumed to be uniformly distributed within the spheroid's volume and the BS and MS are located at the spheroid's foci.
Angle of Arrival Joint Probability Density Function
The AOA joint pdf, f (θ m , φ m ), of the received multipath signals can be obtained by determining the probability of the ith signal's arrival at the MS antenna within a certain range of AOA, (θ m , φ m ), such that 0 < θ i m ≤ θ m and 0 < φ i m ≤ φ m . As shown in Figure 1 , all scatterers inside the spheroid cause multipath signals to arrive at the MS antenna at a TOA, τ , such that τ o < τ ≤ τ max , where τ o and τ max is the TOA of the line of sight (LOS) component and the maximum observation time respectively. Typically, τ max is determined according to available criteria based on desired channel characteristics [23] . The probability is obtained by normalizing the spheroid's slice, V τ max (θ m , φ m ), to the total volume of the spheroid, V τmax . These quantities are defined by
and
Therefore, the probability of multipath components arriving at the MS within the specified range is given by (14) where F (θ m , φ m ) is the AOA joint cumulative distribution function (CDF). Therefore the AOA joint pdf may be obtained as given by
Similarly, due to the symmetry in the model's geometry, the AOA joint pdf at the BS can be obtained by using (11) . This gives
Angle of Arrival Joint Probability Density Function Conditioned on the Time of Arrival
The AOA joint pdf conditioned on the TOA of the multipath signals, f (θ m , φ m |τ ), is determined based on the assumption that the scatterers are uniformly distributed within a 3D space that is limited by two spheroids corresponding to τ and τ + δτ as shown in Figure 1 . The normalization of the difference in volumes of the two spheroids' slices to the relative difference in their total volumes provides the probability for the multipath signals' arrival within specified AOA and TOA intervals, given as
where the volume of the spheroids' slices, i.e., V τ +δτ (θ m , φ m ) and V τ (θ m , φ m ), and the total volume of the spheroids i.e., V τ +δτ and V τ , can be obtained by using equations (12) and (13), respectively. Thus, dividing both the numerator and denominator of (17) by δτ and taking the limit when δτ goes to zero [23] , results in
whereV τ (θ m , φ m ) andV τ are the derivations of the corresponding quantity with respect to τ . Substituting the derivations into (18) and simplifying, results in
where f (θ m , φ m |τ ) is the AOA joint pdf conditioned on the TOA, which is given by
(20) Similarly, the AOA joint pdf conditioned on the TOA as seen from the BS is given as
Angle and Time of Arrival Joint Probability Density Function
The scatterers are assumed to be uniformly distributed within the spheroid's volume based on the scatterers density model, f (x m , y m , z m ), therefore, the AOA and TOA joint pdf, f (τ, θ m , φ m ), can be obtained by making use of the Jacobian transformation. This gives
where the Jacobian transformation, J(x m , y m , z m ), is given by 1/r 2 m sin θ m . The TOA variable can be included in order to determine the AOA and TOA joint pdfs, f (τ, θ m , φ m ), of the multipath signals as seen from the MS as gives by
where the Jacobian transformation J(r m , θ m , φ m ) is given by
Substituting (24) into (23) The derived joint pdf is applicable to any distribution of scatterers around the MS. For example, as shown in Figure 1 , the scatterers are assumed to be uniformly distributed within the spheroid's volume, where the spheroid's volume is limited by τ max . In this case, the scatterers density function, f (x m , y m , z m ), is given by 1/V τ max , the scatterers density function can then be obtained as
Substituting (26) into (25), results in the AOA and TOA joint pdf of the multipath signals as seen from the MS. Thus
which is equivalent to f (θ m , φ m /τ ) × f (τ ) which are given by (20) and (32) respectively. (Note: the TOA marginal pdf, f (τ ), is derived in Section 3.5).
Angle and Time of Arrival Joint Probability Density Function for an Elevated Base Station
In some outdoor and indoor wireless communication scenarios, the BS antennas are elevated in comparison to the MS antennas. To include the antennas' relative difference in height, the spheroid model's geometry can be inclined as shown in Figure 2 , where α is the inclination angle, which is given by
where H BS and H M S are the heights of the BS and MS antennas, respectively. In such a case, the radial distance, r m , can be derived as
Therefore, all derived AOA pdfs can be modified to include the difference in heights between the BS and MS. For example, the AOA joint pdf at the MS may be given by 
Time of Arrival Marginal Probability Density Function
The probability that the multipath components arrive with a delay τ , such that τ o < τ ≤ τ max can be obtained by normalizing the volume V τ to the volume V τmax , where τ is TOA of the multipath signals.
As shown in Figure 1 , these volumes, V τ and V τmax , are defined as the volume of the spheroid which encloses the scatterers that cause multipath signals to arrive before τ and τ max respectively. These quantities, i.e., V τ and V τ max , can be obtained by using Equation (13) . Therefore, normalizing the mentioned volumes, results in
where F (τ ) is the TOA marginal CDF. Differentiating (31) with respect to τ results in the TOA marginal pdf as follows
NUMERICAL RESULTS AND MODEL'S COMPARISONS
To illustrate and verify the developed 3D model, several numerical 2D and 3D results are provided for the AOA and TOA pdfs. To make comparisons easier, all plots for the pdfs have been normalized for their maximum values. Figure 3 To verify the AOA and TOA expressions, they have been compared with histograms of simulated pdfs. The histograms were created by simulating 10 5 scatterers uniformly distributed within the spheroid's volume, where the spheroid's semi-lengths were the same as those used in plotting the theoretical pdfs. As such, for all scatterers, the desired AOA and TOA of the multipath signals were calculated based on the locations of the scatterers, the MS and the BS. A histogram containing 50 bins (intervals) was then created and the number of points in each bin was normalized to the total number of points. Figure 4 (a) and Figure 4(b) show the plots of the theoretical and simulated AOA pdfs in the azimuth angle, f (φ m ), and BS, f (φ b ), respectively, and the plot of the AOA pdf in the elevation angle, f (θ m ), is shown in Figure 4 (c). The pdfs have been illustrated for various values of maximum observation time, τ max = 1.5τ o , 2.0τ o , and 3.0τ o . These figures illustrate that the angular spread in the azimuth Figure 3 . The AOA joint pdfs at the MS and BS for Figure 4 . The AOA marginal pdfs in the azimuth and elevation angle as seen from the MS and BS for τ max = 1.5, 2.0, and 3.0τ o .
and elevation planes increase when the maximum observation time is increased. In other words, the azimuthal and elevational angular spread depends upon the maximum observation time value at a fixed separation distance. Consistent agreement between the theoretical and simulated graphs is clearly illustrated in all the AOA pdfs. Figure 5 (a) and Figure 5 (b) illustrate the 3D plots of the AOA and TOA joint pdfs in the azimuth angle, f (τ, φ m ), and elevation angle, f (τ, θ m ), respectively, for τ max = 5τ o . It is clear that by increasing the maximum observation time, τ max , the AOA distribution in the azimuth angle approaches a uniform distribution, f (φ m ) = 1/2π, and the AOA distribution in the elevation angle approaches a sinusoidal distribution, f (θ m ) = sin(θ m ). These results agree with the azimuthal and elevational angular distributions when the scatterers are assumed to be uniformly distributed within a sphere, as the spheroid geometry can approximate a sphere for large values of τ max . Figure 7 shows the plot of the marginal TOA pdf as a function of the normalized TOA, τ /τ o , for τ max = 3.0τ o . As shown, the graph increases with an increase in the TOA.
To validate the developed geometrical scattering channel model, the model has been compared against similar 2D models. For example, the AOA marginal and conditioned pdfs as seen from the MS have been proposed based on the 2D elliptical model [1] , i.e., θ m = 90 • , where the elliptical model is generalized in [3] to obtain the marginal pdfs as seen from both the MS and BS. The developed 3D spheroid model can be reduced to obtain the AOA pdfs in the azimuth plane that have been derived based on the 2D models, as shown
(34) Figure 8 (a) and Figure 8 (c) illustrate the comparisons of the AOA marginal and conditioned pdfs that have been determined based on the proposed 3D spheroid model and Liberti's 2D model [1] . Similarly, comparisons of the AOA marginal pdf, as seen from the BS, with Ertel's 2D model [3] is illustrated in Figure 8 (b). All plots illustrate strong agreement between the proposed 3D model and the similar 2D models. Furthermore, the model has been compared against the validated 2D geometrical scattering channel models [4, 8, 9] . These 2D models have been validated by comparing their AOA pdf in the azimuth angle with some of the available measured data [24] [25] [26] . The derived AOA joint pdf as seen from the BS can be obtain by
where f (θ b , φ b ) is the AOA joint pdf as seen from the BS, which is given by
The measured root mean square (RMS) angular spreads, i.e., standard deviation, can be used in extracting the physical model's parameters, i.e., spheroid's eccentricity, to produce similar results. The theoretical RMS angular spread can be calculated as
where E[φ b ] and E[φ 2 b ] are the mean, µ φ b , and the second moment of the random variable φ b , respectively. These quantities can be determined from their usual definitions
The plot of the RMS angular spread in the azimuth angle, σ φ b , versus the spheroid's eccentricity, e, is shown in Figure 9 . Pedersen et al. in [24] , conducted outdoor channel measurements at the urban areas of Aarhus, Denmark and Stockholm, Sweden. Wideband measurements were conducted at a carrier frequency of 1.8 GHz and at a sampling time of 122 ns. The measured angular data had a standard deviation of 6 • . Spencer et al. in [25] , conducted indoor channel measurements within office buildings in the Brigham Young University (BYU) campus. The data was collected at 7 GHz in the angle and time domains with impulse response measurements carried out using a narrow-beam dish antenna. The AOA measurements had a standard deviation in angle of 24.5 • . Cramer et al. in [26] , collected data in an office/laboratory building. In the experiment, the location of the transmitting antenna is fixed, and rectangular arrays of measurements are made by moving the receiving antenna to 49 points in a 7 × 7 array. They showed that the relative arrival in the azimuth arrival angles of the recovered ultra-wideband signals gave the best fit for a Laplacian distribution, with a standard deviation of 38 • . Accordingly, as shown in Figure 9 , values of e = 0.99, 0.88 and 0.76 is required to produce standard deviation of 6 • , 24.4 • and 38 • respectively, where e = D/2a. As shown in Figure 10 , the comparisons of the derived AOA pdfs in the azimuth angle with the 2D geometrical scatterering channel models and the corresponding measured channel data are provided. As illustrated, comparisons' results show good agreement between the proposed 3D model and the 2D models as well as the measured data. A log scale has been used in Figure 10 (b) and Figure 10 (c) to permit easier comparisons [4] and [9] . Figure 10 .
Comparison of AOA expression in the azimuth angle with: (a) Janaswamy's 2D model [4] and measurements [22] , (b) Janaswamy's model [4] and measurements [25] , (c) Khan's model [9] and measurements [24] and (d) Jiang's model [8] and measurements [26] .
CONCLUSION
In this paper, a 3D geometrical scattering channel model has been introduced. The model is based on the assumption that all significant scatterers are uniformly distributed within a spheroid's volume in which the BS and MS are located at it's foci. The model provides both the spatial and temporal statistical information of the received multipath signals. Closed form pdfs for the AOA and TOA, as seen from both the MS and BS are provided. Several numerical results are presented to illustrate and verify the derived expressions. To establish the model's validation, the model has been compared against some available 2D models and measured data. Comparisons results illustrate good agreement between the proposed 3D model and the 2D models as well as the measured data. The introduced 3D model is useful in wireless communication environments, in which the most frequent occurrences of the AOA of the received multipath signals take place around the relative direction of the BS to the MS in both the azimuth and the elevation angles, such as in outdoor picocellular and indoor propagation environments.
